Introduction
There is now a compelling body of experimental evidence and Oldstone (5) first suggested that the unexpected result of thymic expression of insulin promoter transgenes was that self-tolerance toward widely abundant self-antigens is established at the T cell level during development in the functionally significant; the data indicated the thymic expression could elicit some degree of non-responsiveness toward thymus, whereby T cells are first positively selected in the cortex for functional TCR that bind self-MHC and then negathe transgene product. Initially these results, while intriguing, were interpreted to be a consequence of promiscuous exprestively selected in the medulla for death or paralysis when their TCR recognizes self-peptides presented by MHC molecules sion of the hybrid insulin-promoter transgenes. Now, however, the evidence points to an alternative explanation, i.e. that on epithelial and dendritic cells (1,2). In contradistinction, conventional wisdom has had it that tolerance of rare cells thymic expression of pancreatic genes is a normal property of these 'tissue-restricted genes'. Thus, this laboratory has and non-abundant antigens, as exemplified by the insulinproducing pancreatic β cell, involves non-thymic (or perishown that a number of endogenous pancreas-specific genes, including the insulin genes, as well as a hybrid insulin pheral) mechanisms which act on T cells following their emigration from the thymus (3). However, the view that transgene, can be detected by RT-PCR at very low levels in the thymus (6) . In turn, Flavell and co-workers reported that peripheral mechanisms are the key to β cell tolerance has begun to change, in part because of reports demonstrating the exocrine pancreatic gene elastase and a hybrid elastase transgene were both expressed in thymus, and demonstrated that transgenic mice utilizing insulin gene regulatory regions can express the transgenes both in islet β cells and in that transplantation of transgenic thymus could convey tolerance of the transgene product, SV40 T antigen (Tag) (7). thymus. Notably, studies from the laboratories of Miller (4) We have used a transgenic mouse model of alternative self observed in mice receiving fresh or cultured thymi. Kidneys were removed from transplanted nu/nu mice at the time of tolerance or autoimmunity conferred by hybrid insulin genes to investigate the thymic cells expressing insulin, the hybrid sacrifice and the transplanted thymi inspected to confirm that they had become populated with T cell progenitors. insulin transgene and other endogenous pancreatic genes, and have further assessed the functional contributions of Additionally, several transplanted thymi were analyzed by histology and found to be normal. thymic expression in regard to these alternative immunological phenotypes. In this model, the rat insulin promoter (RIP) has RNA-PCR analysis been used to direct expression of the SV40 Tag to the insulinproducing β cell, a rare cell type located in the pancreatic RNA was prepared from tissues using Trizol (Gibco/BRL, Gaithersburg, MD) according to the manufacturer's instrucislets which is the target of autoimmune destruction in type I diabetes. Families of RIP-Tag mice develop one of two tions. Aliquots of RNA, 3.0 or 15 µg, were DNase treated and split in half. cDNA was synthesized under standard conditions alternative immunological phenotypes (8) . RIP1-Tag2 and RIP3-Tag2 mice develop systemic T cell tolerance toward this using random primers. Half the sample received MMLV reverse transcriptase (Gibco/BRL) while the other half did not novel self antigen, manifested as severely impaired humoral and undetectable cytotoxic T cell responses toward the (-RT). Use of more RNA in the reverse transcription reaction increases the sensitivity of detection of specific messages. Tag antigen, and an absence of inflammation of the Tagexpressing islets (6) . In contrast, RIP1-Tag5 mice develop an
The PCR analysis has been described (6). autoimmune response directed at their Tag-expressing islets, Proliferation assay as evidenced by circulating autoantibodies (8) , leukocyte infiltration of the islets (9) and the development of Tag-specific This assay has been described (6) . Briefly, mice were immunized s.c. at the base of the tail with 50 µg Tag emulsified in T cells (10) .
In this report we demonstrate that thymus from tolerant RIPcomplete Freund's adjuvant (CFA Antibody assay in thymus, implicating failure to express as a predisposition to autoimmunity. The results suggest a role for the thymic PAE This assay has been described (6) . Briefly, mice were immunized i.p. with a mixture of 10 µg Tag protein and 5 µg β-cells in inducing tolerance to proteins which are normally considered tissue restricted and imply a new form of cell type galactosidase (Sigma, St Louis, MO) emulsified in CFA on day 0, and primed with the same dose of antigen in incomplete specific regulation for their genes.
Freund's adjuvant on days 14 and 27. Mice were bled on day 32 and the sera tested in an ELISA for the presence of IgG Methods recognizing either Tag or β-galactosidase.
Mice
Cytotoxic assay RIP1-Tag2 (11) and RIP3-Tag2 (6) have been described. The This assay has been described (6) . Briefly, mice were immun-RIP1-Tag2 and RIP3-Tag2 mice used in these studies were ized i.p. with 2ϫ10 7 SV40 transformed fibroblasts, C57SV backcrossed to C57BL/6 mice for at least 15 generations. (12) . Ten days later, 2ϫ10 7 splenocytes were cultured with C57BL/6, C57BL/6 nu/nu, C57BL/6 nu/ϩ and BALB/c mice 2.5ϫ10 5 irradiated C57SV (3500 rad) or 10 7 BALB/c spleen were purchased from Jackson Laboratories (Bar Harbor, cells (2500 rad) in six-well plates in DMEM supplemented ME) or bred in the UCSF transgenic facility under specific with 10% FCS and 50 µm 2-mercaptoethanol. After 5 days, pathogen-free conditions. the re-stimulated spleen cells were collected and tested for their ability to lyse Tag-expressing fibroblasts (C57SV), a Thymic transplantation syngeneic fibroblastic cell line kindly provided by Barbara Knowles [MC57G (13) ], or the allogeneic mastocytoma P815 Male and female C57BL/6 nu/nu mice, between 6 and 26 weeks of age, were transplanted under the kidney capsule (ATCC, Rockville, MD) in a standard 4h 51 Cr-release assay.
To test for helper-independent cytotoxic T lymphocytes (CTL) with four intact newborn thymic lobes from either RIP1-Tag2, RIP3-Tag2 or non-transgenic littermates. Thymi were removed (14) , splenocytes were cultured with irradiated C57SV either with or without added murine IL-2 at 10 U/ml (Boehringer on p0, the day of birth, or p1 and either transplanted the same day or after overnight culture. The genotype of the Mannheim, Indianapolis, IN) and assayed as described above. newborn mice was determined by PCR of a tail biopsy prior to transplantation. The majority of nu/nu mice received Statistical analysis transplants before 12 weeks of age and donor thymi were removed on p1 and transplanted the same day. These nu/nu A Student's unpaired t-test was performed at the 1:100 effector to target ratio to evaluate the differences between the CTL mice were allowed to reconstitute their T cells for 10 Fig. 1C and E ). This result reaction by reblocking peroxidase and proceeding through has been confirmed in three additional sets of nu/nu mice the horseradish peroxidase reaction, using the SG chromogen transplanted with either RIP1-Tag2 or RIP3-Tag2 thymus. (Vector). Single antigen assays were followed by brief counter Thus, using two assays which measure the tolerance induction stain in either Gills #1 hematoxylin or eosin (Sigma) prior to of CD4 ϩ T h cells, the low level of Tag expressed in transgenic mounting. Negative controls included staining of sections thymus is sufficient to confer tolerance, similar to that observed from non-transgenic mice and omission of primary antiserum.
in intact transgenic mice.
Cell fractionation studies
Transgenic thymus is not sufficient to ensure development of Cells were prepared according to the protocol of Steinman complete cytotoxic T cell tolerance and colleagues (15, 16) . Briefly, individual thymic lobes were Using a third lymphocyte function assay, transplanted nu/nu collected from 3.5-to 6-week-old mice and perfused with mice were tested for the ability to generate CTL recognizing collagenase, 100 U/ml (Type III; Worthington Biochemicals, Tag. As expected, lymphocytes from non-transgenic mice Freehold, NJ) in HBSS. The perfusate, fraction 1, was collected and nu/nu mice transplanted with non-transgenic thymus separately. Thymic lobes were torn into small pieces with lysed Tag-expressing targets efficiently, while splenocytes forceps. The released cells were collected, while the larger from RIP1-Tag2 ( Fig. 2A ) and RIP3-Tag2 ( Fig. 2E ) mice pieces of tissue were further digested in 400 U/ml collagenase failed to recognize them. Remarkably, individual nu/nu mice at 37°C for 15 min. The cells released by mechanical disruptransplanted with either RIP1-Tag2 (Fig. 2C ) or RIP3-Tag2 tion and those released by collagenase digestion were pooled ( Fig. 2G ) thymus gave variable killing of the Tag-expressing and passed through a wire mesh, fraction 2. The cells were cells. This variability is reflected by the large error bars shown pelleted at 1000 r.p.m. in a Sorvall RT6000B and resuspended for the mean response of nu/nu mice transplanted with in dense BSA (Cohn fraction V, 3220-75; Intergen, New transgenic thymus. This variable CTL response is unlikely to York, NY), refractive index 1.384-1.385 at 25°C. For detailed result from unusual NK cell activity in the nu/nu genetic preparation of dense BSA see (16) . Aliquots of resuspended background, since nu/nu mice which had not received a cells were overlaid with RPMI and spun for 15 min at 9000 g transplant did not lyse either target ( Fig. 2C and D) . Addition-(7000 r.p.m.) in a Sorvall HS-4 rotor, without a brake. The ally, every nu/nu mouse which received a thymus generated pellet, fraction 3, and the cells at the interface, fraction 4, an allogeneic response ( Fig. 2D and H), indicating that this were collected separately.
variability in a specific CTL response is not a reflection of poor reconstitution of the immune system. Finally, variable Results CTL activity was not seen in nu/nu mice transplanted with normal thymus nor in mice transplanted with transgenic Transgenic thymus confers tolerance of T h cells thymus but analyzed in one of the other two assays. The CTL assays have been repeated several times with additional nu/ To investigate the functional significance of thymic Tag expression in tolerant RIP-Tag mice, we transplanted thymi from nu mice transplanted with either RIP1-Tag2 or RIP3-Tag2 thymus with similar results (Fig. 2I ). In summary, thymus newborn RIP1-Tag2, RIP3-Tag2 or non-transgenic mice under the kidney capsule of syngeneic nu/nu mice. First, reconstitfrom a tolerant RIP-Tag mouse can by itself induce nonresponsiveness of CD4 ϩ T h lymphocytes, while in most cases uted nu/nu mice were tested for their ability to produce it is insufficient to induce complete tolerance of CD8 ϩ cytotoxic added during the in vitro boost to simulate T h cell function (Fig. 3) . No Tag-specific cytotoxic activity was induced in the T cells.
Only minimal Tag-specific T cell help is presumably availpresence of IL-2, indicating that the CTL in intact RIP1-Tag2 mice have been directly tolerized, and that tolerance therefore able to the developing CTL both in intact transgenic and in nu/nu mice reconstituted with transgenic thymus, since the results from lack of both T h and CTL specific for the neoself antigen. helper cells in each case are similarly tolerant (at least at the humoral level). Assuming no differential T h 1/T h 2 biases
Immunohistochemical analysis of Tag-expressing cells in the between intact and transplant mice, the data suggests that thymus the CTL response observed in the reconstituted nu/nu mice must be largely T h independent. In contrast, therefore, one Next, we sought to begin characterization of the Tagexpressing cells in the thymus. Thymi were collected from mice would predict that CTL as well as T h cells in intact RIP-Tag mice are tolerized. To address that possibility, a CTL assay between the day of birth (newborn) and 1 week of age, the time frame in which Tag was initially detected by RNA-PCR in RIP1-was performed using RIP1-Tag2 mice in which IL-2 was , nu/nu mice transplanted with non-transgenic thymus (m, solid line, n ϭ 8), nu/nu mice transplanted with RIP1-Tag2 thymus (., solid line, n ϭ 8) and unmanipulated nu/nu mice (,, dotted line, n ϭ 2) (C and D) were tested for their ability to kill Tag-expressing fibroblasts, C57SV (A and C), syngeneic Tag negative fibroblasts, MC57G (data not shown) or P815 (B and D), allogeneic. CTL response of nu/nu mice transplanted with thymus from the second transgenic line, RIP3-Tag2 (E-H). Splenocytes from immunized non-transgenic mice (j, dashed line, n ϭ 4), RIP3-Tag2 mice (s, dashed line, n ϭ 4), (E and F) nu/nu mice transplanted with non-transgenic thymus (m, solid line, n ϭ 3) and nu/nu mice transplanted with RIP3-Tag2 thymus (., solid line, n ϭ 5) (G and H) were cultured and tested for their ability to kill C57SV (E and G), MC57G (data not shown) or P815 (F and H). The mean Ϯ SEM of all animals in each group is shown. Pooled data at a 1:100 effector to target ratio from five separate experiments using thymus chimeric mice is shown in panel (I) ( C57SV targets, d; P815 targets, s).
Tag2 and RIP3-Tag2 mice (6) . The tissues were processed for nu mice, indicating that Tag expression persists well into adulthood (Fig. 4I) . In thymus from 1-week-old RIP3-Tag2 mice we immunohistochemistry and immunostained with Tag-specific antiserum (9) . Tag-staining cells were observed in RIP1-Tag2 detected~100 Tag-expressing cells (Table 1) . The anatomical location of the Tag-staining cells was also and RIP3-Tag2 thymic sections (Fig. 4 and Table 1 ), but not in non-transgenic thymus (data not shown). In RIP1-Tag2 mice, investigated. Thymic sections were double stained with antiserum recognizing Tag, and either antibody to rel B, which is roughly 5 times more Tag-expressing cells were identified in newborn thymic sections than in 3-day-old thymi (Table 1) , expressed by thymic dendritic and medullary epithelial cells, or UEA I, which only binds medullary epithelium (17) . The double which correlates well with RNA-PCR analysis of thymic Tag expression. Tag-staining cells were also detected in RIP1-Tag2 staining revealed that all Tag ϩ cells (n ϭ 96) were present in regions populated by rel B ϩ (Fig. 4A and B) and UEA I ϩ (Fig.  thymi between 15 and 52 weeks after transplantation into nu/ thymic cell population, a hypothesis could be made for the existence of a specialized thymic function capable of inducing tolerance to 'peripheral proteins'. To investigate this possibility, we fractionated thymic cells (15) and performed RNA-PCR analyses for a set of pancreatic transcripts. Briefly, thymi were perfused with collagenase, producing fraction 1, the perfusate. The perfused thymi were then mechanically disrupted and further digested with collagenase, to generate fraction 2, the total released cells. In turn, fraction 2 was centrifuged through a BSA step gradient, resulting in a cell pellet, fraction 3, and a low-density fraction of cells, fraction 4, which remained at the interface. The fractions were characterized by FACS as well as by light microscopy (data not shown). The predominant cell population, comprising 98-99% of all cells contained in fractions 1-3, consisted of small, round cells which stained with Thy-1, identifying them as thymocytes. The low-density fraction, 4, which contained only 0.9-1.5% of the total cells, consisted of a mixed population, including most of the large granular cells released by the collagenase treatment. The cells in this fraction were identified by FACS analysis as dendritic cells, macrophages, thymocytes and an unidentified population of small class II MHC ϩ cells, which are most likely monocytes, B cells or resting macrophages. In one typical experiment these cell types comprised 26.4, 14.5, 49.2 and 7.9% of the total fraction 4 four different cell types in pancreatic islets, were all detected in the low-density fraction 4. In addition, these mRNAs were detected in the precursor fraction 2, depleted from fraction 3 and increased in fraction 4, indicating that the major cell type 4C and D) cells, indicating that they reside in the medulla. Interestingly, cells expressing Tag were frequently observed in expressing these genes is enriched in the low-density fraction. Low levels of glucagon, somatostatin, pancreatic polypeptide pairs (Fig. 4J) . At the age of peak expression,~25% of all Tag-staining cells were found as doublets. Collectively, these and GAD67 transcripts were also found in the perfusate, fraction 1. It has been shown that a proportion of the thymic characteristics are consistent with interdigitating dendritic or medullary epithelial cells (18) . However, the diffuse staining for dendritic cells can be released by thymic perfusion (19, 20) , which may explain the presence of some of these mRNAs in both rel B and UEA I, and the inherent cell density of the thymus made it difficult to unambiguously identify the Tag ϩ cells using fraction 1. The expression of four exocrine pancreatic markers was a variety of immunohistochemical techniques.
Our previous study indicated that a number of pancreatic also investigated. Two of these, trypsin and elastase, were previously detected in newborn and adult thymus, while genes, normally thought of as being 'peripheral' or 'tissue restricted', were expressed as mRNAs in newborn and adult mRNA for amylase and carboxypeptidase A1 were not (6). Messages for trypsin and elastase were clearly identified in thymus (6). Therefore we asked whether thymic cells expressing their gene products could be detected. Double fraction 4, the low-density cells, while trypsin mRNA was also detected in fractions 1 and 2. In contrast to our earlier studies, immunohistochemical staining with antibodies recognizing rel B and either insulin or somatostatin revealed that both islet cell we have now detected mRNA for the exocrine gene product amylase both in newborn thymus, as well as in thymic fractions proteins could also be detected in a small number of cells in the thymic medulla (Fig. 4E-H) . No immunoreactive cells were from adult mice, most likely because the RNA-PCR technique employed in the present study is more sensitive. Amylase observed without primary antiserum. Although mRNAs for glucagon, amylase and pancreatic polypeptide were detectable message was most readily observed in the low-density fraction 4, as well as in fraction 1, and, at low levels, in the other two in thymic cDNA, antisera recognizing these proteins failed to identify cells in the thymus (data not shown).
fractions. We were, however, still unable to detect message for carboxypeptidase A1 in any of the thymic samples.
mRNA for insulin, Tag and other pancreatic genes is enriched
In sum, mRNAs for nine pancreatic genes preferentially in fractionated thymic cells segregated into the low-density fraction of cells, which is highly enriched in antigen-presenting cells, including dendritic If insulin and somatostatin and indeed the other pancreatic genes detectable as RNAs were all expressed by a distinct cells and macrophages. The thymi from animals in each group were collectively fixed and serially sectioned. Tag protein was detected by immunohistochemistry and the number of Tag-expressing cells was scored by microscopic examination.
a Age in days, where p0 is the day of birth. b Approximate number, based on extrapolation. The confidence level is greater for RIP3-Tag2 samples because all of the recovered sections were stained, whereas only representative sections of RIP1-Tag2 samples were examined (in brackets).
c No Tag staining was observed in 38 sections from new born non-transgenic littermates of RIP1-Tag2. d Represents~85% of the total volume of the thymi in each set.
Tag and insulin expressing cells are MHC class II ϩ Discussion
In the current study we have shown that the intrathymic The transplantation experiments revealed that transgenic expression of an insulin-promoted transgene can induce thymus specifically conferred a tolerant phenotype on T h tolerance to the novel self protein it encodes. Several other cells. Given that developing CD4 ϩ T h cells recognize antigen studies have previously reported that thymic expression of presented by MHC class II, we asked whether the thymic cell transgenes promoted by pancreatic regulatory elements can type producing insulin and Tag expressed MHC class II. The induce tolerance (4,5,7). We have extended these findings low-density fraction of thymic cells was treated with antibodies by demonstrating that in RIP-Tag mice, the thymic contribution to MHC class II, and as controls Thy-1 and the B cell marker of tolerance to Tag, a protein which can be processed for B220, and antibody-reactive cells were then depleted using presentation by either MHC class I or class II molecules, magnetic beads. Figure 5(b) shows the result of one such differs for CD4 ϩ helper and CD8 ϩ cytotoxic T cells. We experiment. Antibody to MHC class II depleted both messages thereby provide support for the proposition that peripheral from this fraction of cells, whereas antibodies to Thy-1 had expression of Tag is also important for complete tolerance little effect and antibody recognizing B220 had none. FACS induction, in particular of CD8 ϩ T cells, consistent with analysis of the low-density cell fraction had revealed several results from other model systems (3, 14) . Another recent populations that express MHC class II, including dendritic study implicated thymic stroma in the induction of transgenecells and macrophages, among others. Of these, we note specific tolerance (7), but did not investigate the responsible that dendritic cells express very low levels of Thy-1, no B220 cells. We show herein that Tag expressed under control of and very high levels of MHC class II (15) , and our data not the insulin gene regulatory region can be localized to discrete shown, consistent with the pattern of antibody depletions. cells of the thymic medulla (by immunohistochemistry), that these Tag-expressing cells co-express MHC class II (by Autoimmune RIP1-Tag5 mice fail to express Tag mRNA in fractionation and depletion analyses) and are therefore capthymus able of functioning as antigen-presenting cells to directly Another measure of the significance of thymic expression has induce tolerance in developing T cells. come from the analysis of a line of autoimmune RIP-Tag mice, Roles for both thymus and periphery in the induction of RIP1-Tag5. Mice in this and several other families begin tolerance to tissue-restricted self proteins expressing Tag in scattered β cells between 9 and 11 weeks of age (data not shown), and develop hallmarks of autoimmune
We have shown that low-level thymic Tag expression in two disease, including the appearance of serum autoantibodies families of transgenic mice, RIP1-Tag2 and RIP3-Tag2, is and infiltration of the pancreatic islets by T and B lymphocytes sufficient to confer tolerance of the CD4 ϩ T h cells in the (8-10). RNA was prepared from thymus and pancreas of absence of pancreatic Tag expression. The tolerance perinatal, newborn and 1-week-old RIP1-Tag5 mice, the ages observed in these nu/nu mice reconstituted with transgenic at which thymic Tag expression was initially detected in thymus is similar to that observed in unmanipulated RIP1-tolerant RIP-Tag mice (6) . We also collected RNA from adult Tag2 and RIP3-Tag2 mice. In contrast to the CD4 ϩ T h cell mice, ranging from 9 to 26 weeks of age, wherein Tag is tolerance elicited by thymic transplantation, thymic expression known to be expressed in pancreas. The analysis revealed of Tag was insufficient to ensure tolerization of the CD8 ϩ that Tag transcripts were not detectable in thymus of RIP1-cytotoxic T cells; CTL phenotypes ranged from completely Tag5 mice at any age (Fig. 6 ), even when a more sensitive tolerant to fully responsive, and thus non-tolerant. This charac-RNA-PCR assay was used than that employed for the previteristic differs from the phenotype of intact tolerant RIP-Tag ously reported detection of Tag in the thymus of tolerant RIPmice, which are profoundly non-responsive when challenged Tag mice (6) . In contrast, Tag transcripts were easily detected to generate Tag-specific CTL (Fig. 2) (6) . Significantly, nonresponsiveness is not overcome by the in vitro addition of the in adult RIP1-Tag5 pancreas.
T h cell product IL-2 during CTL generation (Fig. 3) , implying that the CTL in RIP1-Tag2 mice have received an additional tolerization signal outside of the thymus, a signal which is lacking in the transplanted nu/nu mice. The source of antigen that elicits this signal in intact RIP1-Tag2 and RIP3-Tag2 mice is almost certainly the main site of Tag synthesis, the pancreatic β cell. However, an alternative mechanism could in principle contribute to the failure of CTL to become tolerant to Tag. It has recently been proposed that antigen-specific regulatory T cells are generated in the thymus to actively control autoreactive T cells (21) . If such cells only arise during the prenatal phase of T cell development, they could have failed to develop recognizing Tag in our neonatal thymic transplant chimeras. When the characteristics of these putative regulatory cells are better defined it will be of interest to assess their possible role in tolerance toward our model self-antigen.
Kosaka and Sprent (14) have shown that tolerance of helper-independent CD8 ϩ T cells in parent → F 1 chimeras is induced by a two-step mechanism. An initial tolerization signal is delivered in the thymus and a second signal in the periphery, which drives the T cells into a further state of non-responsiveness. Similar findings have been reported by Hä mmerling's group for transgenic T cells recognizing the class I molecule K b (3). Recently, Fö rster and Lieberam have shown using TCR transgenic mice that CD4 ϩ T cells can be tolerized to Tag in the draining lymph nodes of the pancreas (22) . Thus, tolerant RIP-Tag mice have revealed mechanistic roles for both thymic and peripheral expression in the induction of tolerance to a tissue-specific antigen. The present study further suggests that the extent of tolerance induction by these rare PAE cells in the thymus differs for helper and cytotoxic T cells recognizing the same protein.
Specialized thymic cells express peripheral antigens?
Our previous study demonstrated that Tag mRNA was expressed in the thymus of perinatal mice and that other pancreatic mRNAs could be identified in both newborn and adult thymus (6) . Herein we show that Tag, insulin and somatostatin are detected by immunostaining in discrete cells in transgenic thymic medulla, within fields of dendritic cells and medullary epithelium. The frequency of Tag-producing cells correlates well with the level of mRNA detected by PCR in the thymus during perinatal life. In addition, Tag protein was identified in cells in transplanted thymi, up to 1 year posttransplant, indicating that thymic Tag expression persists into adulthood. Fractionation of thymic cells demonstrated that a cell fraction highly enriched for dendritic and other antigenpresenting cells is preferentially abundant in the mRNAs for Our data localizes the expression of certain peripheral antigens to a small number of MHC class II ϩ cells within the medulla; those cells may prove to be dendritic, epithelial or novel. The cells we detect, collectively termed PAE cells, are implicated as the source of a specific functional capacity of the thymus-induction of tolerance in CD4 ϩ T cells to a model peripheral self antigen. Future experiments, including bone marrow transfers and transplantation of fetal thymi, will allow the lineage of PAE cells to be clarified.
We estimate that only a few hundred PAE cells express Tag in the thymic medulla. How can these few hundred cells possibly tolerize the millions of thymocytes which transit the medulla? Several studies have estimated that maturing thymocytes reside in the medulla between 12 and 16 days (25, 26) suggest that the VNTR be considered spurious or inconsequential, we have proelement upstream of the human insulin genes might represent duced mice whose only source of Tag is their thymus to a component of a thymic PAE gene regulatory element, since demonstrate that thymic Tag expression is sufficient to confer allelic variation in this element affects thymic expression levels non-responsiveness of CD4 ϩ T h cells. Moreover, we infer that of insulin mRNA. Thus, the results from our study in mice, failure to express the Tag neo-self antigen in these medullary exploiting a hybrid insulin transgene, and from the study of cells is profound, since RIP1-Tag5 mice which develop an insulin gene expression in human thymus, collectively make autoimmune response directed against their pancreatic β a provocative case that variability in expression levels of β cells, the target of autoimmune destruction in type I diabetes, cell autoantigens such as insulin (33) or GAD65 (34) in PAE fail to express Tag in the thymus (Fig. 6) . We suggest, cells may predispose individuals for autoimmune diabetes. therefore, that expression of these endogenous pancreatic genes in medullary cells also serves a similar immunological function. In support of this hypothesis, Vafiadis and Pugliese Acknowledgements and their coworkers (25, 26) have recently shown that alleles
We thank Raquel Nagal for animal husbandry and analysis of transof a genetic susceptibility locus for type I diabetes in humans has not yet been performed; it should be noted that extremely Tag SV40 large tumor antigen sensitive methods will be required to detect both protein and UEA I ulex agglutinin I mRNA in these rare cells of the thymic medulla. Salient to this general issue is a hypothesis, presented by Boone and References van Pel (32) , suggesting that the thymus expresses many or all tissue-specific genes as subgenomic fragments. They
